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A B S T R A C T
Sustainable technologies require both renewable feedstocks and catalysts that are able to direct their conversion
to speciﬁc products. We establish a structure-activity relationship for the aqueous phase reforming of glycerol
over 2% Pt/Al2O3 catalysts, whereby the reaction pathway can be controlled to produce either hydrogen or 1,2-
propanediol as the main product. Using the colloidal synthesis method, the reduction temperature was altered to
produce Pt nanoparticle catalysts supported on Al2O3 with varying Pt particle size. The catalytic activity of the
samples for the APR of glycerol resulted in a higher conversion of glycerol (34%) for the larger Pt particle size of
∼3.5 nm, producing the liquid 1,2-propanediol as the major product with a yield of 12.5%, whereas smaller
particles of ∼2.2 nm gave hydrogen as the main product (5.5% yield). This work demonstrates how the APR of
glycerol can be tuned to yield both valuable liquid and gas products using tailored Pt nanoparticles.
1. Introduction
1.1. Glycerol as a by-product
The production of crude glycerol has increased signiﬁcantly in re-
cent years as a consequence of the rapid growth in the production of
biodiesel as an alternative for petroleum-based fuels. Finding a com-
mercially viable use for this ‘waste’ glycerol, the main by-product in the
production of biodiesel, is now an active area of research, with many
possible applications [1–7]. The production of hydrogen, coupled with
liquid-phase products, through aqueous phase reforming (APR) of gly-
cerol, is one possible route. A clean and sustainable supply of hydrogen
is required to enable a future hydrogen economy, an example being the
development of proton exchange membrane fuel cell technology [1,2].
The current industrial processes used to produce hydrogen involve the
reforming of hydrocarbons, resulting in high COx emissions and adding
to the depletion of fossil fuel reserves [2,8].
1.2. Aqueous phase reforming
Aqueous phase reforming of glycerol, shown in Eq. (1), was high-
lighted in 2002 by Dumesic [8] as a promising method for the pro-
duction of hydrogen as it is both kinetically and thermodynamically
favourable. It can be carried out at relatively low temperatures,
∼227 °C, it minimises undesirable side reactions, and facilitates the
water gas shift reaction (WGS) (Eq. (2)), limiting the production of CO,
known to poison H2(g) fuel streams [1,3,4,9,10].
+ ↔ +C H O 3H O 7H 3CO3 8 3 2 2 2 (1)
+ ↔ +CO H O CO H2 2 2 (2)
1.3. Glycerol to hydrogen
Recent studies have shown that Pt based catalysts have high activity
and selectivity compared to other monometallic systems for the APR of
glycerol [4,8,11–13]. Despite its expense, Pt is a favourable choice as a
consequence of its enhanced ability to cleave CeC bonds and promote
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the WGS reaction [9,14]. The support material has also shown to aﬀect
the catalytic activity; Guo et al. studied a range of supports and found
that Pt supported on γ-Al2O3 gave a higher rate of production of H2
compared to SiO2, TiO2 and CeO2, which was ascribed to the higher
basicity of the Al2O3 support [1].
Thus far the majority of studies on glycerol APR has been on com-
mercial catalysts or those produced via classic synthesis methods such
as impregnation and precipitation. However, recent work has shown
that an increase in activity can be achieved by using supported nano-
particles prepared using colloidal synthesis methods [15–17]. Bönne-
mann et al concluded that improvement of catalytic activity from a
colloidal system was due to the fact that metal nanoparticles prepared
by the this method occupy the most exposed sites of a support, rather
than being buried under the surface [15].
Compared to the classic synthesis methods, sol-immobilisation
techniques aﬀord the possibility of ﬁne-tuning the properties of sup-
ported metal nanoparticles, thereby allowing greater control of the size,
shape and dispersion in the ﬁnal catalyst [18–20]. This is achieved by
the use of a stabilizing agent during the synthesis, such as polyvinyl
alcohol, (PVA), leading to more well dispersed catalysts with narrow
particle size distribution [15,21,22].
Recent studies used variation of the colloidal reduction temperature
and solvent systems during synthesis to modify gold and palladium
nanoparticles for use in the oxidation of glycerol and hydrogenation of
furfural, respectively. These studies proved that the colloidal synthesis
technique can be used to control the size of the metal nanoparticles and
the proportion of available active surface sites, resulting in changes in
selectivity [20,23].
1.4. 1,2-Propanediol production
The main focus in the published literature on the APR of glycerol
has been the production of hydrogen. However, a high yield of liquid
products are also formed from a complex network of reactions. These
products also have signiﬁcant applications, for instance 1,2-propane-
diol (1,2-PDO), produced from the hydrogenolysis of glycerol under
APR conditions, is used in the food, cosmetic and pharmaceutical in-
dustries [24,25].
Currently 1,2-Propanediol is commercially produced via the hy-
dration of propylene oxide derived from propylene. Renewable feed-
stock can be used to produce 1,2-PDO by hydrogenolysis however this
pathway requires high temperatures and pressures. For instance, stu-
dies on the conversion of glycerol have required pressures upwards of
100 bar and an external hydrogen source, therefore making this an
expensive process to consider commercially viable [26].
It has been shown that using APR conditions, glycerol can be con-
verted to 1,2-PDO via an acetol pathway, generating hydrogen in situ
and has been proposed as a potential alternative to the one step hy-
drogenolysis [27].
Due to its active nature for the APR of glycerol, Pt nanoparticles
supported on γ-Al2O3 was chosen for this study as a model catalyst. The
colloidal synthesis method was used to generate preformed Pt nano-
particles with speciﬁc morphology to obtain structure-activity re-
lationships in an attempt to improve the catalytic activity and control
the reaction pathway to favour either hydrogen or 1,2-propanediol,
using optimised conditions that we have recently reported [13].
2. Experimental
2.1. Catalyst preparation
Pt/Al2O3 catalysts were prepared using the sol-immobilization
method based on a previous experimental regime to produce Pt and Au
colloidal systems [20,28]. A stock solution containing the precursor,
K2PtCl4 (99.99%, Aldrich), was added to distilled water (Pt con-
centration= 1.03–2.05× 10−4 M) that had been heated to the desired
temperature (25–90 °C) using a stirrer/hotplate. For the synthesis at
90 °C a reﬂux condenser was used to keep the solution in the liquid
phase. Poly(vinyl alcohol) (PVA, Aldrich, Mw=9000–10000 g mol-1,
80% hydrolysed, PVA/Pt (wt/wt)= 0.65) was added in order to sta-
bilise the solution. A freshly prepared solution of the reducing agent,
NaBH4 (0.1M) (> 96%, Aldrich, NaBH4/Pt (mol/mol)= 5–10) was
added drop wise with stirring to form a black sol. The Al2O3 support
material (Aeroxide AluC, Degussa) was then added and the solution
stirred vigorously. After a period of time the solution was ﬁltered,
washed extensively with distilled water to remove any precursor ma-
terial and dried overnight at room temperature [29].
The colloidal solutions were monitored throughout the synthesis
procedure by UV–vis spectroscopy (Shimadzu UV-1800 spectrometer
with Quartz cells) to assess the reduction of the Pt precursor.
2.2. Catalyst characterisation
The Pt loading of the samples was determined by both Microwave
Plasma - Atomic Emission Spectrometry (MP-AES) and Energy
Dispersive X-ray Spectroscopy (EDS). For MP-AES analysis, the solid
samples (0.1 g) were digested in aqua regia using an Anton Paar
Multiwave 3000 and diluted in deionised water to form a 0.1 wt% so-
lution. The elemental analysis was performed using an Agilent 4100
MP-AES. Pt standards were made up in 10% aqua regia and used to
calibrate the instrument before the samples were run. EDS analysis was
performed on a JSM-6610LV scanning electron microscope (JEOL)
ﬁtted with Oxford Instruments Xmax 80mm EDS detector running
Aztec analysis software. The powder samples were dispersed on con-
ductive carbon tabs placed on aluminium stubs.
Transmission Electron Microscopy (TEM) was used to investigate
the particle size and dispersion of the metal nanoparticles on the Al2O3
support. Analysis was carried out on a JEM-2100 Plus electron micro-
scope with a 200 kV accelerating voltage. Samples for TEM were pre-
pared by dispersing the supported catalysts in methanol and then
dropping the solution on 300 mesh carbon-coated copper grids.
The surface area of the samples was measured using the Brunauer
Emmett Teller (BET) method. The samples were ﬁrst degassed at 140 °C
under vacuum using a FloVac Degasser. Analysis was then carried out
on a Quadrasorb EVO instrument supplied by Quantachrome.
X-ray diﬀraction (XRD) patterns were recorded on a Rigaku Miniﬂex
600 benchtop powder X-ray diﬀractometer equipped with a 6-position
autosampler and Cu Kα radiation source. The 2θ angles were scanned
from 5 to 80˚ at a rate of 5˚/min. The average Pt crystallite sizes were
calculated using the Scherrer equation for the Pt (111) diﬀraction peak
at 2θ=39.9° [30].
X-ray Absorption Fine Structure (XAFS) studies were carried out on
the Pt L3-edge on the B18 beamline at the Diamond Light Source,
Didcot, U.K. Measurements were performed in transmission mode using
a QEXAFS setup with a fast-scanning Si(111) double crystal mono-
chromator and ion chamber detectors. An average of 6 scans were ac-
quired and merged to help improve the signal-to-noise level of the data.
The time resolution of the spectra was 1min/spectrum (kmax= 18).
Fresh catalyst samples were analysed as synthesised and after reduction
under hydrogen at room temperature. Used catalyst samples were wa-
shed with water and dried at 120 °C in static air overnight before
analysis.
The software used to carry out the XAS data processing and the
extended X-ray absorption ﬁne structure (EXAFS) analysis was IFEFFIT
with the Horae package (Athena and Artemis) [31,32]. The typical ﬁt
range for the EXAFS data was 1.1 < R<6Å and 3.1 < k < 15.3.
CO adsorption studies were performed on both fresh and used cat-
alyst samples using transmission Fourier Transform Infrared
Spectroscopy (FTIR). The used samples were washed with distilled
water and dried in an oven overnight at 120 °C to remove as much of
the reaction solution as possible. 25–30mg of sample was pressed into a
self-supporting pellet and mounted in a Harrick Dewar transmission/
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reﬂection accessory. The FTIR spectra were obtained with a Thermo
Scientiﬁc Nicolet iS10 spectrometer at a spectral resolution of 4 cm−1
and accumulating up to 64 scans. For each experiment, the sample cell
was purged with helium at 80 cm3min−1 and heated to 270 °C where
the sample was reduced by ﬂowing a mixture of 50% H2/He for 30min.
The sample was then cooled to ∼30 °C in helium, whereby a spectrum
was recorded to use as a background scan. CO was then introduced
using a 10% CO/He mixture at a ﬂow rate of 80 mlmin−1 for 30 s,
which was repeated until the spectrum showed that the surface of the
sample was saturated with CO. The sample was then ﬂushed with he-
lium to remove gaseous and physisorbed CO from the catalyst surface
and the ﬁnal spectra recorded after 30min. The background spectrum
was then subtracted to give the ﬁnal spectrum.
ATR-FTIR spectra were collected on the catalyst samples using a
Smart iTR Attenuated Total Reﬂectance sampling accessory. Spectra
were collected at a spectral resolution of 2 cm−1 and accumulating up
to 64 scans.
2.3. Catalytic tests
The APR of glycerol was carried out in a 50ml autoclave batch
reactor (Parr Series 4590 Bench Top Micro Reactor equipped with
magnetic drive stirrer and a Parr 4848B Reactor Controller system)
using experimental conditions optimized and reported in a previous
study [13]. Typically, 60mg of catalyst was added to 20ml of 10 wt%
aqueous glycerol solution (corresponding to substrate to metal ratio of
4935 and a glycerol to water molar ratio of 0.022) and the solution
purged with argon in the sealed reactor. The reactions were carried out
at 1000 rpm, 240 °C ± 2 °C and 42 ± 1 bar (argon). Gas products
were collected in a gas sampling bag after the reaction had been cooled
and analysed using a Shimadzu gas chromatograph system (GC-2014
with TCD and FID), equipped with Hayesep N and Mol Sieve 5 A packed
columns (2M × 1/8″). The concentration of unreacted glycerol and the
main liquid products were analysed using a Shimadzu Prominence
HPLC installed with a MetaCarb 67H column, SPD-M20 A Photodiode
Array UV–vis detector and a RID-10 A refractive index detector. The
quantiﬁcation of the reactants and products were carried out using
external calibration methods for both the gas and liquid analysis to
allow calculation of the moles produced. The product concentrations
calculated had an error of± 4% due to analytical error. The glycerol
conversion was calculated according to the following deﬁnition
=
−Glycerol Conversion (%) C C
C
x 1000 t
0
The selectivity’s of the products are reported in the ESI and were
calculated as follows:
=Hydrogen Selectivity (%) Molecules ofH produced
C atoms in gas products
x 1
R
x 1002
Where R is the H2/CO2 reforming ratio of 7/3 for glycerol.
=Product Selectivity (%) C atoms in product
C atoms converted
x 100
Reusability of the catalyst samples was also tested using the reaction
conditions above. After one two-hour cycle, the glycerol conversion was
determined and used to calculate the amount of glycerol required to be
added to produce a 10% feed solution. The procedure was then re-
peated until 5 reaction cycles had been carried out.
The APR reactions of hydroxyacetone, 1,2-propanediol, lactic acid
and glyceraldehyde were carried out using the same experimental
conditions as with glycerol, using a 1–10wt% reactant solution in water
and 1-hour time-on-stream to determine and elucidate reaction path-
ways.
Potential metal leaching into the reaction mixture was also analysed
using MP-AES analysis. For this, concentrated HCl (> =37%) was
added to the spent reaction solution after ﬁltering to produce a 10%
HCl solution. Calibration standards were also made in 10% HCl. The
minimum detection limit of the MP-AES instrument using this method
was 10 ppb.
3. Results and discussion
3.1. Synthesis of 2% Pt/Al2O3 catalysts
In order to ensure accurate comparison for the reactivity and
characterisation of the synthesised catalysts, the colloidal synthesis
method for the production of Pt nanoparticles was ﬁrst optimised by a
series of systematic studies, which ensured the catalyst samples were of
suﬃcient Pt loading and the synthesis method was reproducible. The
variables investigated in this study were: the concentration of the re-
ducing agent (NaBH4), the reduction time of the Pt precursor and the
immobilisation time on the support. To achieve complete immobilisa-
tion, it was found that the timescales required for the reduction and
immobilisation were both 24 h. In the reduction stage of the synthesis,
the production of Pt(0) colloids was demonstrated by following the li-
gand ﬁeld induced transitions for the PtCl42− anion [33] demonstrated
in Fig. 1. Pt(0) colloids have a broad steeply rising absorption around
200 nm as a result of longitudinal dipole resonances, which is consistent
with previous studies [28,34]. Following the reduction of PtCl42− as a
function of time, it was clear that 4 h was insuﬃcient to achieve com-
plete reduction; PtCl42− ligand ﬁeld transitions are readily visible in the
UV–vis spectrum of the colloidal solution, which results in poor im-
mobilisation and the bands are also present in the ﬁltrate after sup-
porting on Al2O3. Increasing the reduction time to 24 h results in a
UV–vis spectrum which is consistent with colloidal Pt and improved
immobilisation. MP-AES results conﬁrmed this improvement as the
measured Pt loading of the sample reduced for 24 h was 1.53 wt%,
compared to 1.15 wt% for the sample reduced for 4 h.
Using this optimized synthesis procedure, catalysts were then pro-
duced at four diﬀerent reduction temperatures, 25 °C, 50 °C, 75 °C and
90 °C. Our previous work has shown that by altering the reduction
temperature, the resultant size of the metal nanoparticle can be con-
trolled [20,23]; lower reduction temperatures have been found to
achieve smaller particles. The prepared samples were labelled Pt25,
Pt50, Pt75 and Pt90, respectively. Information of the BET surface area
and metal loading are shown in Table S1. The SEM-EDX analysis of the
samples showed no evidence of K, Na or B leftover from the precursor
materials, with only trace amounts of Cl therefore it is not expected that
these elements will aﬀect the studies presented here.
3.2. Characterisation of 2% Pt/Al2O3 catalysts
To assess the particle size of the Pt based catalysts three diﬀerent
Fig. 1. UV–vis spectra of Pt sols after reduction with NaBH4 for 4 h and 24 h,
plus the respective ﬁltrated solutions after immobilisation on Al2O3.
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complimentary techniques: EXAFS, TEM, and XRD, were used
(Table 1). The XRD data (Fig. 2A, Fig. S1), shows a reﬂection at
2θ=40°, which corresponds to the Pt (111) plane and can be used as a
reference peak to show the variation of Pt nanoparticle size [35,36]. As
seen in Fig. 2A, the Pt diﬀraction peak is at its lowest intensity for the
Pt25 sample and increases with increasing colloidal reduction tem-
perature, indicative of an increase in crystallite size. Using the Scherrer
equation [37], this size was calculated for all four samples (Table 1) and
found to be 2.25 nm (Pt25), 2.88 nm (Pt50), 3.48 nm (Pt75) and
3.61 nm (Pt75), conﬁrming the trend discussed.
The EXAFS data, presented in Table 1 and Fig. 2B, shows the same
trend as the XRD with regards to increasing particle size. The features
between 2–3 Å are indicative of 1st shell Pt-Pt scattering paths and it is
clear that the magnitude of these peaks increase with increasing
synthesis temperature. This corresponds to a greater 1st shell Pt co-
ordination number and by inference a larger particle size. Before ana-
lysis, all four samples were reduced in hydrogen at room temperature in
order to ensure a fully metallic state, thereby allowing accurate com-
parison 1st shell coordination numbers.
Using the coordination number obtained from the EXAFS ﬁtting
(Fig. S2, Table S2), particle sizes could be calculated using published
models [38]. The method used assumes that the nanoparticles are
spherical, fcc and<3 nm and is limited to 1st shell coordination
numbers below 10, therefore the size of the Pt75 and Pt90 catalysts
could not be determined through EXAFS. The results calculated were
1.54 and 1.97 nm for the Pt25 and Pt50 samples respectively.
The TEM analysis, shown in Fig. 3, of the Pt25 sample shows the
presence of small Pt nanoparticles with good dispersion; however the
Pt50 sample starts to show an increased degree of agglomeration, which
is also evident in the Pt75 and Pt90 samples where agglomeration is
more pronounced. The agglomeration limited the ability to determine
an accurate particle size through TEM for the Pt50, Pt75 and Pt90
samples, however, the Pt25 sample was calculated at an average of
2.14 nm.
On comparison of all three techniques, XRD gives the largest par-
ticle size for the values given, which as diﬀraction from the smaller
particles is not observed with consequent heavy weighting to larger
crystallites. The EXAFS data, however, probes the full range of particles
in the sample and is therefore more appropriate for demonstrating
trends. The TEM data falls in between as it is limited by the resolution
of the microscope (in this instance< 1 nm). However, all techniques
have their limitations and the ability to use all three in conjunction
provides conﬁdence for the trend established here; that as the colloidal
reduction temperature is increased, larger Pt particle sizes are formed.
3.3. Activity testing
The series of Pt/Al2O3 catalysts prepared were used to establish a
structure-activity correlation in the aqueous phase catalytic reforming
(APR) of glycerol. Catalytic screening was carried out under batch
conditions using an established testing procedure, where a range of
products were identiﬁed [13]. The products seen in the gas phase were
hydrogen, carbon dioxide and methane. Liquid products identiﬁed in
the reactions were hydroxyacetone (HA), 1,2-propanediol (1,2-PDO),
lactic acid (LA), ethanol (EtOH), 1-propanol (1-PrOH), ethylene glycol
(EG), acetic acid (AA), glyceraldehyde (GA), 2-Propanol (IPA) and 1,3-
propanediol (1,3-PDO), which is in line with previous studies [9,39,40].
Fig. 4 shows the glycerol conversion after 2 h reaction time. The
Pt25 catalyst showed the lowest conversion of all the samples, with a
conversion of ∼12%. This is in line with previous studies on a com-
mercial 2%Pt/Al2O3 catalyst that showed a conversion of 13% [13].
The Pt50 catalyst performs only slightly better with the most active
catalyst being Pt75 (34% conversion). This trend suggests an increase in
conversion with mean particle size of Pt, however, a further increase in
particle size (Pt90 sample) results in reduced performance. This result
can be rationalised by comparing the competing inﬂuences of speciﬁc
activity and mass activity; normalised to Pt surface area the larger
particles would be signiﬁcantly more active, however, as the Pt mass is
kept constant the performance ultimately tails oﬀ because of a reduced
number of active sites.
For these reactions the hydrogen yield was also calculated (Fig. 4),
and as the particle size increases, with the Pt75 and Pt90 samples, the
hydrogen yield decreases. Therefore, assessing the glycerol conversion
and hydrogen yield after 2 h reaction time allows us to establish that
larger Pt particles tend towards higher conversion yet yield reduced
levels of H2. In light of these results, it was clear that more work was
required to explore the other products involved in the reaction and to
establish reaction pathways.
3.4. Product analysis
To understand more about these structure-property correlations, the
Pt25 and Pt75 catalysts were chosen for further detailed investigation;
Pt25 achieved the maximum hydrogen yield and the Pt75 showed the
maximum glycerol conversion. Full analysis of the liquid products was
carried out and the reaction was repeated at several timed intervals at
an attempt to understand better the reaction proﬁles of both catalysts.
Fig. 5 shows the glycerol conversion and the amount of gas products
formed from both the Pt25 and Pt75 catalysts as a function of time
(15–480min of reaction time). The conversion for the Pt25 catalyst
reaches a maximum of ∼12% after 2 h; however, both H2 and CO2
continue being produced, indicating further reactions are taking place.
The absence of CO and minimal methane production is in line with
thermodynamic studies carried out by Luo [41] whereby the tempera-
ture used reduces the external energy input, favouring the water gas
shift reaction, but is high enough to favour aqueous reforming over
methanation.
The main liquid products (Fig. 6) of the Pt25 catalyst after 2 h are
Table 1
Characterisation of Pt/Al2O3 catalysts produced using the colloidal method at
various temperatures.
Pt/Al2O3 Sample Pt-Pt Coordination Number Particle Size, nm
EXAFS TEM XRD
Pt 25 8.7 (5) 1.54 2.14 2.25
Pt 50 9.5 (4) 1.97 b 2.88
Pt 75 10.6 (3) a b 3.48
Pt 90 11.1 (4) a b 3.61
a Size calculation limited to coordination number< 10.
b Data could not be calculated due to agglomeration in samples.
Fig. 2. XRD (A) and EXAFS (B) analysis of 2% Pt/Al2O3 catalysts produced at
diﬀerent colloidal reduction temperatures, black – Pt25, red – Pt50, blue – Pt75,
green – Pt90 (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article).
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HA and 1,2-PDO; after this time the amount of hydroxyacetone de-
creases to close to zero, whereby the amount of LA formed increases.
Ethanol is also seen as a product up to 2 h, but levels were found to
decrease when tested at 6 h. These results are indicative that a complex
network of reactions are taking place during the APR of glycerol. Two
separate reactions pathways are presented in Scheme 1 (route 1) and
Scheme 2 (route 2), which are in agreement with previous studies [9]
and the results presented here.
For the Pt25 catalyst we propose that route 1 is favoured up to 2 h,
as this is consistent with the products identiﬁed: H2, CO2, EG and EtOH.
After this time, glycerol conversion ceases and, here the conversion of
the HA that has been produced (route 2) becomes dominant, with the
main products being H2, 1,2-PDO and LA.
The Pt75 catalyst, however, showed a diﬀerent trend, whereby after
2 h of reaction the conversion of glycerol continued to increase pro-
gressively from 34% to 48% conversion. There was a substantial change
Fig. 3. TEM images of catalyst samples Pt25 (top left), Pt50 (top right), Pt75 (bottom left) and Pt90 (bottom right) at 50 nm scale.
Fig. 4. Glycerol conversion (■) and H2 yield ( ) for 2% Pt/Al2O3 catalysts
produced at diﬀerent colloidal reduction temperatures. Reaction conditions:
240 °C, PAr= 42 bar, 1000 rpm, 10wt% glycerol, 60 mg catalyst, 2 h reaction
time.
Fig. 5. Glycerol conversion and gas products from APR of glycerol using Pt25
and Pt75 catalysts over various reaction times. Reaction conditions: 240 °C,
PAr= 42 bar, 1000 rpm, 10wt% glycerol, 60 mg catalyst.
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in the products formed during the time online studies, with a sig-
niﬁcantly diﬀerent product distribution compared to Pt25; the Pt75
catalyst showed a lesser amount of gas products, in particular H2,
whereas more liquid products were produced. The H2/CO2 ratio for the
Pt75 catalyst after 2 h was 0.5, much lower than the Pt25 catalyst (1.2)
and further away from the ideal ratio of 2.3. The major products of Pt75
were HA, LA, and 1,2PDO; consistent with the pathway route 2
(Scheme 2). Based on the evidence presented here, it is postulated that
H2 is more readily formed in the presence of smaller Pt particles.
The Pt75 catalyst resulted in a more complex distribution of pro-
ducts after 8 h, with many unidentiﬁed trace products evidenced in the
HPLC analysis. This is shown in the carbon mass balance data (Table
S4), whereby the carbon mass balance of the 8 h reaction with the Pt25
catalyst was 67%, whereas all the other reactions carried out with the
Pt75 and Pt25 catalysts showed a mass balance of> 90%. The liquid
analysis clearly shows that there are many competing reactions, and
that whilst the Pt25 catalyst favours the production of hydrogen, the
presence of larger Pt nanoparticles in the Pt75 catalyst favour the
production of the oxygenated liquid products. This is a signiﬁcant dis-
covery, as previous work on this reaction has focused on the production
of H2, ignoring the value in the liquid products such as 1,2-PDO.
3.5. Insights into reaction pathways
To understand further and elucidate the competing reactions and
the formation of oxygenated liquid products, we studied the conversion
of the following substrates: hydroxyacetone (HA), 1,2-propanediol (1,2-
PDO), lactic acid (LA) and glyceraldehyde (GA). The reactions were
carried out using the same experimental conditions as the APR of gly-
cerol, using the Pt25 catalyst.
Table 2 shows the reactant conversions for the intermediate reac-
tions in comparison to the reaction with glycerol. The major gas and
liquid products formed in the intermediate reactions are shown in
Fig. 7.
The conversion of hydroxyacetone (53%) was higher than that of
glycerol (9%), followed by 1,2-propanediol (22%); indicating that both
HA and 1,2-PDO will readily react as intermediates in the APR of gly-
cerol, which is in agreement with our time online studies where both
HA and 1,2-PDO formation drops after 2 h reaction time when glycerol
stops converting. 1,2-PDO is the most abundant product in the liquid
phase when HA was used as the substrate. This outcome was achieved
without any external supply of hydrogen; as 1,2-PDO is produced from
the addition of hydrogen to HA (Eq. (3)), the hydrogen required must
have been produced in situ from the reformation of HA in agreement
with previous reports, whereby HA is broken down to form H2, CO2 and
methane [9].
+ ↔C H O H C H O3 6 2 2 3 8 2 (3)
1,2-PDO was not produced by any other reactant, suggesting that
1,2-PDO was mainly formed from glycerol via HA as the main inter-
mediate. Moreover, the amount of 1,2-PDO was signiﬁcantly lower
(0.6 mmol) when glycerol was used as the reactant at the same reaction
time. These results indicate that the reaction rate of HA conversion to
1,2-PDO is faster than glycerol conversion to 1,2-PDO. Thus, the de-
hydration of glycerol to HA is one of the limiting factors in the for-
mation of 1,2-PDO from glycerol. Once HA is formed, it quickly
Fig. 6. Major liquid products formed from APR of glycerol using Pt25 and Pt75
catalysts over various reaction times. Reaction conditions: 240 °C, PAr= 42 bar,
1000 rpm, 10wt% glycerol, 60mg catalyst.
Scheme 1. Proposed reaction pathway for APR of glycerol – Route 1.
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undergoes subsequent reactions.
When 1,2-PDO was used as the substrate, a signiﬁcant amount of HA
was observed, conﬁrming that the hydrogenation of HA is reversible.
However, the lower conversion of 1,2-PDO compared with that of HA
indicates that the reverse reaction is much slower.
The production of alcohols, namely, ethanol (EtOH) and 1-propanol
(1-PrOH), is seen in the APR of HA and 1,2-PDO. Ethanol is produced
from 1,2-PDO as given by Eq. (6), or directly from HA hydrogenolysis/
decarbonylation (Eq. (7)) [27]. These reactions lead to the formation of
methane as a by-product, which we see in both the reforming reactions
of HA and 1,2-PDO, verifying these reaction pathways.
+ ↔ + +C H O 2H C H OH CH H O3 8 2 2 2 5 4 2 (4)
Scheme 2. Proposed reaction pathway for APR of glycerol – Route 2.
Table 2
Conversion of several reactants over 2% Pt/Al2O3 (Pt25) catalyst. Reaction
conditions: 240 °C, PAr=42 bar, 1000 rpm, 60mg catalyst, 1 h reaction time.
Reactant Reactant concentration, wt
%
Reactant conversion,
%
Glycerol (GL) 10 8.8
Hydroxyacetone (HA) 10 52.9
1,2-Propanediol (1,2-PDO) 10 22.0
Lactic Acid (LA) 10 2.7
Glyceraldehyde (GA) 1 100.0
Fig. 7. Product formation from intermediates over 2% Pt/Al2O3 (Pt25) catalyst. Reaction conditions: 240 °C, PAr=42 bar, 1000 rpm, 10 wt% reactant for HA, 1,2-
PDO and LA, 1 wt% for Glyceraldehyde, 60mg catalyst, 1 h reaction time.
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+ ↔ + +C H O 3H C H OH CH H O3 6 2 2 2 5 4 2 (5)
We observed the formation of acetic acid, mainly from the re-
forming of hydroxyacetone and glycerol. According to previous studies
acetic acid is formed via C-C cleavage to acetaldehyde followed by
dehydrogenation [42,43].
Lactic acid (LA) is shown to be produced from both HA and gly-
ceraldehyde (GA). The formation of LA from GA is crucial as this in-
dicates that from the routes suggested by Wawretz et al (Scheme 1),
route 1B is favoured using the Pt25 catalyst. A small amount of ethanol
is also seen from the glyceraldehyde and the lactic acid reactions,
conﬁrming further that ethanol can be produced from glycerol via
glyceraldehyde and lactic acid, producing H2 and CO2 in the process.
The glyceraldehyde reforming reaction in our studies showed 100%
conversion after 1 h, hence the reason why only trace amounts of GA
are seen in the glycerol reforming reactions.
From the timed studies in Fig. 6, it appears that only a small amount
of lactic acid is formed from the glyceraldehyde route for the Pt25
catalyst. However, after glycerol stops converting at 2 h, the lactic acid
amount increases signiﬁcantly as it is now formed from hydro-
xyacetone, which suggests that the catalytic species/sites in Pt25 re-
sponsible for the conversion of glycerol become inactive after 2 h, al-
lowing a secondary site to then convert the HA already formed. From
the results shown in Section 3.4, it was evident that the small particles
are responsible for the APR of glycerol to produce H2 whereas the larger
particles favour the liquid products.
3.6. Investigation of catalytic sites
From the studies on the intermediate reactions in the APR of gly-
cerol, it is suggested that diﬀerent sites on the Pt/Al2O3 catalyst are
responsible for diﬀerent reaction pathways. One potential site is the
Al2O3 support; therefore, reactions were carried out with both glycerol
and hydroxyacetone using the bare support material. A blank reaction
with hydroxyacetone was also carried out for comparison.
The conversion from the glycerol reaction (table S5 in the ESI) was
less than 1%, indicating that Al2O3 promotes barely any reaction and
that the Pt metal is required to ‘activate’ the glycerol. The hydro-
xyacetone however showed a conversion of 40% in the presence of bare
alumina and the same in the blank reaction. We can therefore ascribe
that post 2 h in the time online studies of Pt25 the conversion of HA is
ascribed not to the presence of catalyst but to the APR reaction con-
ditions. The products that were analysed from the alumina reaction are
shown in Fig. 8. These results again are similar to the blank reaction
(table S5 in the ESI) and show that CO2 and acetic acid were the main
products, with the alcohols ethanol and 1-PrOH also being produced,
suggesting that hydrogenolysis and reforming of the hydroxyacetone is
taking place under the APR conditions used in this work.
3.7. Catalyst reusability
Due to the relatively harsh conditions used in the APR of glycerol,
deactivation of the catalyst is a known issue that has not been widely
studied [44]. A commercial 2% Pt/Al2O3 catalyst provided by Johnson
Matthey was previously tested where it was found that the activity
dropped by ∼35% after 5 cycles with no treatment to the catalyst in
between reactions. The hydrogen yield decreased more dramatically, by
∼80% [13].
Fig. 9 shows the reusability test results for the Pt25 and Pt75 cat-
alysts. The conversion for the Pt25 sample showed the same trend as the
commercial catalyst (Fig. S5), whereby the activity increased after the
ﬁrst run then decreased steadily. The drop in activity from the second to
the ﬁfth run is ∼32%, similar to the previous study [13]; however the
decrease in hydrogen yield was not as prominent, decreasing steadily
by ∼45% overall. During the timed studies we observed that the Pt25
catalyst stops converting after 2 h however here it is able to ‘reactivate’
in between each run, which we propose that this is due to the cooling
down and reheating of the samples and the exposure to air in between
reactions, which can lead to removal of blockages on the active site or
even restructuring of the nanoparticles on the surface of the catalyst, a
phenomenon that has been modelled by Wei [45]. Deactivation of the
catalysts may also be due to the instability of the support material
under APR conditions as Al2O3 is known to convert to boehmite (dis-
cussed in Section 3.8). The presence of glycerol has been shown to slow
down this conversion however may warrant further investigation in
future work [46]. Pt sintering may be another cause of deactivation. In
our work no evidence of Pt was found in the reaction solutions down to
10 ppb, therefore no indication of metal leaching was found
Fig. 8. Product formation from glycerol and hydroxyacetone over Al2O3. Reaction conditions: 240 °C, PAr=42 bar, 1000 rpm, 10 wt% reactant, 60mg catalyst,
reaction time= 2 h for glycerol, 1 h for hydroxyacetone.
Fig. 9. Glycerol conversion (■) and H2 yield ( ) for 2% Pt/Al2O3 catalysts
produced at 25 °C and 75 °C. Reaction conditions: 240 °C, PAr=42 bar,
1000 rpm, 10 wt% glycerol, 60 mg catalyst, 2 h reaction time.
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3.8. Characterisation of catalysts after reaction
CO adsorption studies were performed on both the Pt25 and Pt75
fresh and used catalysts to gain a better understanding of the surface
sites, Fig. 10 shows the resulting spectra indicating the CO chemisorbed
on the catalyst surface. Table 3 summarises the assignments for the
peaks identiﬁed from each sample.
The peaks at 2062 and 2084 cm−1 are attributed to linear CO on
edge sites and crystalline Pt (111) sites respectively [47,48]. As ex-
pected the smaller particles in the Pt25 fresh catalyst show a higher
number of edge sites. However, on the used catalyst, the number of
edge sites has decreased, which could indicate either (i) there has been
a loss of small sites due to a change in morphology or (ii) the edge sites
have been blocked during the reaction. This result can be linked to the
activity testing, whereby after 2 h it appears the smaller particles re-
sponsible for the APR of glycerol are inactive.
For the Pt75 catalyst, both the fresh and used samples show one
main peak at ∼2090 cm−1 for the crystal Pt sites, conﬁrming that the
Pt75 sample contains larger Pt nanoparticles with less edge sites. This
peak is also shifted to a higher frequency compared to the Pt25 catalyst,
which can be indicative of increasing surface coverage as a result of the
larger particles [48].
The peak at 1838 cm−1 in the Pt25 samples can be attributed to
bridging CO that is bound to more than one platinum atom [48]. This
peak has clearly decreased in size for the used Pt25 catalyst and is not
seen in either of the Pt75 samples, which can be attributed to the Pt
dispersion in the samples, whereby the bridged sites are barely detected
in samples with poor dispersion [49]. This observation is in agreement
with the TEM images shown in Fig. 3, whereby Pt75 shows agglom-
eration of the particles. TEM carried out on both the Pt25 and Pt75
samples after reaction is shown in the SI (Fig. S6). For both samples the
images appear to show similar agglomeration and dispersion after the
reaction. Size analysis carried out on the Pt25 images showed an
average of 2.36 nm, slightly larger than that of the fresh catalyst
(2.14 nm) however on further analysis (Figs. S7 and S8), the size dis-
tribution of the Pt25 sample is wider than in the fresh catalyst, in-
dicating that the Pt nanoparticles are modiﬁed during the reaction.
The peak at 2121 cm−1 appears only on the Pt25 catalyst before the
reaction. Previous work suggests that this peak may be due to either
oxidised species or CO adsorbed on platinum that is interacting with the
Al2O3 support [48]. This analysis is backed up by EXAFS data per-
formed on the fresh catalysts before reduction, whereby Pt25 showed a
more pronounced feature corresponding to a Pt-O scattering interaction
(Fig. S9).
A ﬁfth peak at 1972 cm−1 appears on the used catalyst samples. As
this cannot be attributed to the interaction with Pt, it may be from a
adsorbed product on the surface of the catalyst. We note that this peak
is more prominent on the Pt25 sample, which may explain the deacti-
vation seen in the Pt25 sample compared to the continuing activity of
the Pt75.
Both used catalysts were also studied by EXAFS and compared to the
results from the fresh catalysts, both in the synthesised (fresh) and re-
duced states. The used samples were pelletised after drying in air at
120 °C and did not undergo any reduction treatments. From the results
in Fig. 11, the fresh Pt25 sample showed a peak at∼1.7 Å, assigned as
the Pt-O scattering distance, demonstrating that the sample was par-
tially oxidised. This peak decreased in both the used and reduced
samples, thereby indicating that the sample was reduced during the
reaction. Not only was it reduced, but it did not reoxidise on exposure
to air. This fact suggests that the sites on the Pt25 catalyst are blocked
during reaction rather than restructuring of the surface. Further evi-
dence for the Pt oxidation states of the Pt25 sample is seen in the height
of the main edge feature in the XANES analysis (Fig. 12). The fresh Pt25
sample shows the largest height, which can be attributed to the pre-
sence of oxidised Pt. The used sample is consistent with the sample
analysed after reduction.
In comparing the fresh (reduced) and used samples, we can infer
that in the Pt25 sample the Pt particles have increased in particle size,
shown by an increase in the Pt-Pt scattering interaction at ∼2.75 Å.
Again, these results are in agreement with the IR studies, which showed
fewer edge sites for the Pt25 catalyst after reaction. For the Pt75 cat-
alyst, the results showed that the fresh sample was only slightly oxi-
dised compared to the Pt25 catalyst and that there did not appear to be
any particle size changes after reaction, conﬁrming what is shown in
the CO absorption analysis.
The characterisation of the used catalysts can be linked to the reu-
sability testing of the Pt25 catalyst. As seen in Fig. 9, the glycerol
conversion shows an increase after the ﬁrst reaction, this could be due
to 2 factors; i) the catalyst is reduced in situ in the ﬁrst cycle, causing an
Fig. 10. CO adsorption coverage of Pt25 and Pt75 catalysts before and after one
reaction cycle of 2 h.
Table 3
Infrared assignments for Pt25 and Pt75 fresh and used catalysts after CO ad-
sorption.
Wavenumber, cm−1
Peak Assignment Pt25 Fresh Pt25 Used Pt75 Fresh Pt75 Used
I Oxidised species 2121 – – –
II Linear CO on Pt (111) 2084 2081 2089 2092
III Linear CO on edge sites 2062 – – –
IV Product interaction – 1972 – 1975
V Twofold bridge sites 1838 – – –
Fig. 11. EXAFS analysis of Pt25 and Pt75 catalysts in the fresh, reduced and
used states.
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initial increase in activity before sites are then blocked or, ii) the Pt
nanoparticles increase in size under the experimental conditions at
240 °C. In Fig. 4 we show that the glycerol conversion increased with
increasing particle size up to around 3.5 nm, we can therefore conclude
that there is a relation between the increase in activity with increasing
particle size.
ATR-FTIR was used to characterize the Pt25 and Pt75 samples be-
fore and after the reforming reaction with glycerol. Fig. 13 shows the
resulting IR spectra. There are 3 bands marked with a * that appear in
both samples after the reaction. These can be attributed to the boehmite
form of alumina. The bands at 3323 cm−1 and 3085 cm−1 are assigned
to AlOOH and the band at 1068 cm−1 to the AlOH bending vibration
[50]. XRD analysis was also carried out on the Pt25 sample (Fig. 14)
where several new peaks have appeared in the used sample (marked *).
The peaks at 2θ=14.5°, 28.2°, 38.3°, 49.5°, 65.0° and 72.0° have been
assigned to the boehmite form of alumina [46], therefore backing up
the infrared data that the phase changes under APR conditions.
As the alumina phase changes to boehmite, this will result in a loss
of surface area and accessible active sites, therefore will cause decrease
of the catalytic activity, as shown in the reusability results. The ATR
data shows that both the Pt25 and Pt75 samples change, therefore it is
expected any contribution to the reaction pathway will be seen in both
catalysts and comparisons can still be drawn. As there is a question over
whether the formation of boehmite is delayed by the presence of metal
particles [46], this is a topic that warrants further investigation to un-
derstand how the alumina phase change may aﬀect the reaction proﬁle
of the APR of glycerol.
4. Conclusions
On systematically investigating the catalytic performance of sup-
ported Pt nanoparticles with a variation of Pt particle size in the aqu-
eous reforming of glycerol, we found that an increase in particle size
not only led to a higher conversion, but also selectively changed the
reaction pathway to produce a diﬀerent product distribution, showing a
higher amount of liquid products such as 1,2-PDO. These results show
that the conversion of glycerol on Pt catalysts with Pt particle size in the
range 2–3.6 nm is structural sensitive, and a minor change of particle
size signiﬁcantly aﬀects activity as well as yield to gas and liquid phase
products.
Timed studies and further investigation into the complex network of
reactions under APR conditions conformed schemes presented pre-
viously in the literature. Analysis of the catalysts after reaction allowed
insight into the surface chemistry whereby links could be drawn be-
tween speciﬁc catalytic sites or conditions and diﬀering reaction
pathways described as:
a) Edge sites, such as Pt (100), prominent on small Pt particles –
Responsible for the dehydrogenation of glycerol to glyceraldehyde
in the reforming process, producing H2 as the main product.
b) Facet sites (Pt (111)) prominent on large Pt particles – Responsible
for the dehydration of glycerol to hydroxyacetone, leading to 1,2-
Propanediol.
c) APR conditions in absence of ‘active’ catalyst – Responsible for re-
forming and hydrogenolysis of hydroxyacetone to form acetic acid
and ethanol.
In summary, we have shown that careful consideration of the
synthesis of Pt/Al2O3 catalysts can be used to ﬁne tune the APR of
glycerol to the desired products either for the formation of useful
oxygenated liquid chemicals or gas phase products.
Although out with the scope of this study, in the near future we will
focus on the development of Pt-based bimetallic catalysts, introducing
transition metals such as Ni and Cu to act as promoters for the reaction.
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